A single biological sample holds a plethora of information, and it is now common practice to simultaneously investigate several macromolecules to capture a full picture of the multiple levels of molecular processing and changes between different conditions. This protocol presents the method of isolating DNA, RNA, and protein from the same sample of the nematode Caenorhabditis elegans to remove the variation introduced when these biomolecules are isolated from replicates of similarly treated but ultimately different samples. Nucleic acids and protein are extracted from the nematode using the acid guanidinium thiocyanate-phenol-chloroform extraction method, with subsequent precipitation, washing, and solubilization of each. We show the successful isolation of RNA, DNA, and protein from a single sample from three strains of nematode and HeLa cells, with better protein isolation results in adult animals. Additionally, guanidinium thiocyanate-phenol-chloroform-extracted protein from nematodes improves the resolution of larger proteins, with enhanced detectable levels as observed by immunoblotting, compared to the traditional RIPA extraction of protein.
Introduction
Multiomics, the analytical approach that uses a combination of omics, such as genome, proteome, transcriptome, epigenome, microbiome, or lipidome, has become increasingly popular when processing large data sets for disease characterization 1, 2 . Mounting evidence has shown that limiting approaches to a single "ome" provides an incomplete molecular analysis (reviewed by Rotroff and Motsinger-Reif 1 ). Large data sets are generated, particularly when performing screens using high-throughput techniques, but in order to paint a complete picture or to identify the most relevant targets, multiomic approaches are preferable. With the use of multiomics approaches, however, there is the frequent observation of discrepancies between mRNA and protein levels 3, 4, 5, 6 . Notably, mRNA and protein used for side-by-side transcriptomic and proteomic analyses with RNA sequencing (RNAseq) and liquid chromatography-tandem mass spectrometry (LC-MS/MS), respectively, are often obtained from similarly treated samples from different replicates, potentially introducing variation between the same conditions 3, 4, 5, 6 . Harvald et al. performed an elegant C. elegans starvation time-course study that compared the transcriptome and proteome of wild-type (WT) worms to that of hlh-30 mutant worms that lack an important transcription factor in longevity 7 . Of note, the RNA and protein were harvested from the same condition replicates, so not from the same sample. Their findings show a low correlation between the mRNA levels and protein levels at each time point (r = 0.559 to 0.628). In fact, their heatmap formed four clusters: Cluster I had a large decrease in mRNA levels but little or no decrease in corresponding protein levels, Cluster II had little or no increase in mRNA levels but an increase in protein levels, Cluster III had an increase in mRNA levels but a decrease in protein levels, and Cluster IV had an increase in mRNA levels but only a subtle change in protein levels 4 . In addition, this intersample variation may be introduced in cases where the samples of the same condition are not collected at the exact same time. For example, mRNA and proteins regulated by the circadian cycle fluctuate depending on the time of day 8, 9 , or, more specifically, the exposure of C. elegans to light 9 ; expression of these circadian proteins may be delayed up to 8 h after gene expression induction 10 . Nevertheless, the prevalence of this observation does not necessarily mean it is wrong; in fact, this may prove to be informative. Protein and mRNA are in a constant dynamic state between formation and degradation. Moreover, proteins are often posttranslationally modified to increase stability or to induce their degradation 11 . For instance, their ubiquitination status can lead to either activation or targeting to the proteasome or lysosome for degradation 12 . Additionally, noncoding RNAs play an important role in regulating gene expression at the transcriptional and posttranscriptional stages 13 . Thus, the question is how to limit the variables to confirm that the discrepancies we observe in these nematode studies are real.
Here, we propose a method that removes the intersample variable by allowing analyses of different macromolecules from the same sample. The goal of this protocol is to offer a method to consistently isolate DNA, RNA, and protein from a single sample of C. elegans (also referred to as , a commonly used chemical to isolate RNA, is used for the extraction of nucleic acids and protein from the worms, with subsequent precipitation, washing, and solubilization of each. This protocol is a compilation of various protocols 15, 16 with minor modifications, designed with a focus on C. elegans, but we have also successfully isolated RNA, protein, and DNA from a pellet of HeLa cells following the same steps. Although not tested here, this protocol is likely to work on tissues as well 17, 18 .
Protocol NOTE:
Each macromolecule precipitation step is performed sequentially, followed by washes done concurrently; however, it is recommended to complete the RNA isolation first as it is intrinsically unstable. 
Sample Collection

3.
Centrifuge the worms at 1,000 x g for 1 min, discard the supernatant, and transfer the pelleted worms with 1 mL of M9 buffer to a 1.5 mL microcentrifuge tube. 4. Centrifuge again at 845 x g for 1 min and discard most of the supernatant. Store the pelleted worms at -80 °C for a minimum of 4 h. NOTE: Using a frozen pellet produces a higher yield than a fresh pellet. A series of freeze/thaw cycles using liquid nitrogen or 95% ethanol on dry ice to crack the worm cuticle is recommended if using a fresh pellet. Leaving a small amount of M9 on the pellet will help break the cuticle when freezing.
Nucleotide and Protein Isolation
1. Remove any supernatant from the thawed pellet and add 1 mL of cold GTCp reagent. Mix well by pipetting up and down. Place the sample on ice for 10 min and mix it occasionally by turning it upside down. CAUTION: Phenol is corrosive, neurotoxic, and highly toxic and may cause chemical burns and blindness. NOTE: We used up to 5,000 adult worms as the starting material with the reported volumes; each volume is based on the use of 1 mL of GTCp reagent. When using a larger sample, it may be necessary to scale up. 2. To the solution of worms and GTCp, add 200 µL of cold chloroform. Hold the tube between fingers and shake vigorously for 15 s. Leave it at room temperature (RT) for 3 min. CAUTION: Chloroform is a toxic irritant, may cause skin sores and other organ-targeted harm, and is a possible carcinogen. 3. Centrifuge the tube at 13,500 x g for 15 min at 4 °C. NOTE: Three layers are formed after this spin: the top, clear aqueous phase, the bottom, pink organic phase, and the small, cloudy interphase that contains lipids and DNA. 4. Using a micropipette, move the clear top layer (aqueous phase) to a new RNase-free 1.5 mL microcentrifuge tube (tube A) to isolate RNA via alcohol precipitation (as detailed in step 2.5) and move the pink layer (organic phase) from the remaining pellet to a new tube (tube B) and place it on ice. NOTE: The pink organic phase can be frozen at -80 °C until the isolation of DNA and protein from this sample. Larger samples will produce a thick white layer between the aqueous and organic phase. This fraction contains DNA. If this layer can be removed without disturbing the other phases, do so and put it in a separate tube (tube B2). 5. Isolate RNA as follows.
1. From the clear aqueous phase in tube A, precipitate the RNA with 500 µL of 100% isopropanol. Incubate for 10 min at RT. Then, centrifuge tube A at 13,500 x g for 10 min at 4 °C. NOTE: A small white pellet of RNA should be visible at the bottom of the tube. 2. Decant the majority of the supernatant. Remove the rest with a 1 mL syringe with a needle and discard the supernatant.
NOTE: The size of the needle is not important; however, a larger needle gauge will offer more control so as not to disturb the pellet. A micropipette can be used if needles are not available. 3. Add 1 mL of 75% ethanol to tube A to wash the pellet. Spin the tube at 5,300 x g for 5 min at 4 °C. 4. Remove the supernatant from the pellet by decanting and using a 1 mL syringe with a needle, as described in step 2.5.2, and discard it. 5. Let the pellet air-dry for 5-10 min, but do not let it overdry. Use 50 µL of RNase-free water to reconstitute the pellet of RNA before it becomes completely transparent. NOTE: This is an adequate starting volume for 1,000-3,000 worms, but it may need to be adjusted depending on how much starting material was used. 6. Incubate the pellet at 55-60 °C for 10 min to dissolve it. 7. Measure the concentration and the purity using a spectrophotometer. Record absorbances at 260 nm for RNA concentration and at 230 and 280 nm to identify any impurities.
8. Clean the RNA to remove any contaminants, such as phenol residue or DNA, either with column purification or with subsequent ethanol washes and DNase treatment. NOTE: At this point, the RNA is ready to be sent for RNAseq analysis or can be used to make cDNA to use for RT-qPCR (see section 3.1 for details). RNA can be stored at -80 °C until further use.
6. Isolate DNA as follows.
1. From the pink organic phase in tube B and the sample in tube B2, if any, precipitate the DNA by adding 300 µL of 100% ethanol and mix by inversion. Leave the tube(s) at RT for 2-3 min. 2. Centrifuge tubes B and B2 at 375 x g for 5 min at 4 °C to pellet DNA. 3. Move the supernatant from tubes B and B2 by pouring it into a new 2 mL tube (tube C) and leave it on ice for subsequent protein isolation. Wash the DNA pellet in tube B or B2 with 1 mL of 0.1 M sodium citrate in 10% ethanol for 30 min. Centrifuge tubes B and B2 at 375 x g for 5 min at 4 °C. NOTE: Sodium binds to the DNA backbone, making DNA precipitate more readily in sodium citrate and ethanol, allowing impurities to be removed by low-speed centrifugation. 4. Repeat the wash step as described in step 2.6.3. Resuspend the pellet in 1.5 mL of 75% ethanol and leave it at RT for 20 min, with occasional mixing by upending. 5. Centrifuge tube B and B2 at 375 x g for 5 min at 4 °C. 6. Discard the supernatant and allow it to dry for 5-10 min. 7. Dissolve the pellet in 150 µL of 8 mM sodium hydroxide. Adjust to the desired pH with HEPES if necessary. Spin the sample at 375 x g for 5 min at 4 °C. 8. Using a micropipette, move the supernatant (DNA) to a new tube. Measure the concentration and determine the purity using a spectrophotometer. Record absorbances at 260 nm for DNA concentration and at 230 and 280 nm to identify any impurities.
7. Isolate protein as follows.
1. To precipitate the protein, add up to 1.5 mL of 100% isopropanol to the pink supernatant in tube C, mix by inverting several times, and incubate at RT for 10 min. 2. Centrifuge tube C at 13,500 x g for 10 min at 4 °C. 3. Discard the supernatant and wash the pellet with 2 mL of 0.3 M guanidine hydrochloride in 95% ethanol for 20 min at RT. Centrifuge tube C at 5,300 x g for 5 min at 4 °C. 4. Repeat the wash step as described in step 2.7.3 2x. 5. Move the protein pellet to a new 1.5 mL tube (tube C2) and add up to 1.5 mL of 95% ethanol. Vortex and let it sit at RT for 20 min. 6. Centrifuge tube C2 at 5,300 x g for 5 min at 4 °C. Discard the supernatant and let the pellet dry for 10 min at RT. Dissolve the pellet in 300 µL of 5% SDS at 50 °C for 60 min. NOTE: A longer incubation time may be required to fully dissolve the protein pellet. In the past, the pellet has been incubated for up to 6 h without sacrificing quality. 7. Centrifuge tube C2 at 13,500 x g for 10 min at 17 °C. Move the supernatant to a new tube. 8. Measure the concentration using a preferred protein quantification assay that is compatible with detergent.
NOTE: The protein is ready to be used in SDS-PAGE and western blotting. It can be stored at -20 °C for future use. For other techniques, such as LC-MS/MS, the detergent will need to be dialyzed off.
Evaluating mRNA and Protein Levels
1. RT-qPCR 1. Prepare cDNA by reverse transcription with 1 ng of RNA, using the following thermocycler protocol: priming (5 min at 25 °C), reverse transcription (20 min at 46 °C), and RT inactivation (1 min at 95 °C). 2. Make a stock plate of cDNA by adding 100 µL of 1:100 dilutions of each cDNA sample to individual wells of a 96-well plate. Include appropriate controls, such as no template/water-only wells, and serially diluted samples from 1:25 to 1:400 (originated with pooled cDNA from all of the samples analyzed) to allow for a standard curve to establish primer efficiency for each gene analyzed. NOTE: This format can be used with the 96-well microdispenser, which allows for the transfer of all samples in a plate to an RT-qPCR plate and for the mitigation of well-to-well pipetting variations. The appropriate master mix (e.g., SYBR + primers) can be added to each well thereafter, with a multichannel pipette. Overall, this approach reduces errors introduced when hand-pipetting each sample, thus further reducing variability. 3. Add 3 µL of cDNA from the stock plate to the wells of the RT-qPCR plate. 4. Make a master mix for each set of primers that includes 1x supermix containing a DNA-intercalating cyanine dye, 5 µM each of forward and reverse primers, and water up to 7 µL per sample. Add 7 µL to the appropriate wells of an RT-qPCR plate and agitate lightly to mix. NOTE: Include samples to measure housekeeping genes to use as a reference to normalize the results 20 . 5. Run the plate using an RT-qPCR protocol that is suitable for the primers being used. 
Representative Results
The RNA, DNA, and protein samples were analyzed, and representative results using the RNA and protein isolates are presented here. Additionally, we compare the protein sample harvested using the GTCp method to the common RIPA lysis method 22 . For our experiment, we used four independent replicates of each WT (N2) worms and two long-lived mutant worms, eat-2 and rsks-1 23, 24 .
RNA and DNA quantity and quality
The concentration of RNA when resuspended in 50 µL of water ranged from 0.2-2 µg/µL, using around 3,000 adult worms as starting material. The absorbance ratios, which indicate purity, ranged from 2.0 to 2.2 for A260/A280 and 1.9 to 2.5 for A260/A230 ( Table 1) , indicating the successful extraction of RNA without contamination with GTCp components, such as phenol or guanidine hydrochloride.
The DNA extraction was successful, but the quality was variable. The DNA concentration when resuspended in 150 µL of NaOH ranged from 0.04 to 1.1 µg/µL. The absorbance ratios ranged from 1.8 to 2.1 for A260/A280 and 0.9 to 1.6 for A260/A230 (Table 1) , indicating the successful extraction of DNA; however, some of the samples were contaminated with GTCp components, like phenol or guanidine hydrochloride. If DNA isolation is necessary, care must be taken when separating the middle layer from the GTCp phase separation, and more washes may be necessary.
RT-qPCR of selected targets
The RNA isolation from four independent samples of each worm strain was successful and was sent for RNAseq analysis, with subsequent RTqPCR performed using a supermix containing a cyanine dye. Targets analyzed by RT-qPCR were selected from a large RNAseq dataset based on the most differentially regulated genes common in both mutants as compared to the WT worms. F07C4.12 25 , a homolog to human neuroligin 3, isoform b, was the selected shared upregulated target. We also included a differentially regulated gene between both mutants, mrp-1 26 , for additional analysis, which was upregulated in eat-2 worms but downregulated in rsks-1 worms. Expression changes of mrp-1 were confirmed via RT-qPCR; however, the F07C4.12 upregulation in rsks-1 worms predicted by the RNAseq analysis was not seen by RT-qPCR (Figure 1 ).
Additional targets with antibodies validated for worms were investigated as well. These included several organelle markers characterized in Hadwiger et al. 27 . A number of these markers were differentially expressed at the mRNA level in the mutant worms. As seen in Figure  1 , lmp-1 28 and dlg-1 29 were upregulated in eat-2 worms; hsp-4
30
, hsp-70
, and lmp-1 were upregulated in rsks-1 worms; hsp-60 31 and pas-7 32 were downregulated in eat-2 worms; hsp-60 and tac-1 33 were downregulated in rsks-1 worms.
Simultaneous vs. RIPA protein preparation
To affirm the efficiency and quality of the protein with the GTCp method as described above, we compared it to protein collected using the more traditional method of RIPA lysis 22 . Using the same amount of starting material, namely either adults only (about 10,000 worms) or a mixed population of adults, larvae, and eggs (about 130,000 worms), the overall quantity collected with GTCp was less when resuspended in equal end volumes (Table 1) ; however, the extraction from an adult-only population was more successful than from a mixed population. Additionally, the quality of the proteins was similar, albeit the GTCp-extracted protein showed a better resolution of larger proteins upon equal loading of total protein, as shown by Coomassie stain in Figure 2 . Indeed, targets evaluated by western blot in Figure 3 showed similar levels in most cases; however, the proteins larger than 75 kDa showed lower levels in the RIPA-extracted protein compared to the GTCp-extracted protein ( Figure 3A , right lane; Figure 3B , yellow bar).
The extraction method presented here was also evaluated in the mammalian cell line HeLa. For reference, the amount of protein extracted with RIPA from a compact pellet of six million HeLa cells (an ~25 µL pellet) was comparable to that extracted from a 130,000 mixed population of worms (an ~75 µL compact pellet), or about half of what is extracted from 10,000 adult worms (an ~100 µL gravity-settled pellet), as seen in Table 1 . We show that the efficiency of protein extraction (Table 1 ) and the resolution of larger proteins (Figure 2 ) was decreased in GTCp compared to RIPA-extracted protein in HeLa cells, suggesting this technique works better in an adult population of worms. The incomplete solubilization of the protein pellet from GTCp-extracted HeLa protein may be a limitation of this method in mammalian cells.
Immunoblotting targets analyzed by RT-qPCR
Next, we investigated the protein levels of the gene products tested by RT-qPCR to determine if the mRNA levels correlated with the protein levels. As seen in Figure 3 , the average expression changes of protein correlated with the average mRNA expressions changed for many targets; however, some protein levels did not reflect the changes in mRNA levels. Often, the mRNA levels in eat-2 worms were higher than those in the other strains, but the protein levels were either the same or lower than the other strains of the same target. The most outstanding observation was the very high levels of dlg-1 mRNA in eat-2 worms, which did not translate to more protein; in fact, there were lower dlg-1 protein levels when compared to the other strains (Figure 3) .
Finally, the levels in the GTCp-extracted protein and the RIPA-extracted protein showed a striking difference. The RNA was extracted in the same manner for both; however, the similar but separate sample collected by RIPA lysis showed markedly reduced protein levels, particularly for those larger than 75 kDa ( Figure 3A , right lane; Figure 3B , yellow bar). Table 1 . The gray/black is WT, the blue is eat-2, and the red is rsks-1. mRNA and protein of the same target are paired next to each other and separated by nematode strain. Please click here to view a larger version of this figure.
Discussion
Methods for biomolecule isolations, such as DNA, RNA, and proteins, are often optimized without technical overlap or combinations. This is particularly disadvantageous when samples are difficult to obtain, which could lead to harvesting samples under the same conditions at different times. Depending on the cellular pathways, replicates collected at different times may generate variation. This manuscript offers a procedure to circumvent this hurdle by enabling the concurrent isolation and purification of each biomolecule from the same sample of worms, reducing variations introduced by different isolation techniques, the timing of sample harvest, or unequal harvesting. Controlling these variables not only saves time and resources, but also facilitates reproducibility. Here, we demonstrate a combinatorial approach that avoids compromising RNA and protein quality, albeit with variable results with DNA. Preparations can be further optimized using DNA cleaning procedures. We demonstrated the approach using material from the nematode C. elegans and HeLa cells.
Previous work exploring the transcriptome and proteome of N2 WT animals and eat-2 and rsks-1 mutants have offered insight into various pathways, including mechanisms that extend lifespan 4, 34, 35, 36 . In an effort to investigate the mechanism of caloric restriction in extending lifespan, a Stable Isotope Labeling by/with Amino acids in Cell culture (SILAC) analysis found that eat-2 worms have an overall downregulation of global protein synthesis 36 . The data presented here is consistent with this finding, even as the mRNA levels of the same targets are greatly increased. Another group aimed to identify effectors of S6K-mediated longevity and, thus, performed a proteomic screen of rsks-1 worms 34 . From the RNAseq data found with the current study, we identified at least three genes that corroborate with proteins identified from this screen; MRP-1 and homologs of CPA and neuroligin (F07C4.12) were discovered as being differentially expressed in rsks-1 worms as compared to WT N2 34 .
The data generated using this method is consistent with previous multiomic investigations. The mRNA levels of nine targets were used to predict the protein levels in each sample. Of these targets, many had predictable protein levels based on the mRNA levels. Nevertheless, there were notable discrepancies between the mRNA and protein levels. Importantly, the protocol presented here allows scientists to confidently evaluate and interpret these differences by removing intersample variability by collecting mRNA and protein from the same sample. Furthermore, we compared the mRNA levels to the protein levels collected from the same sample or collected from a similar but different sample harvested with RIPA. We showed that for a number of the targets, there were much lower levels of protein in the RIPA-extracted sample. Without controlling for the intersample variation, it would be impossible to know if this difference was due to the differential regulation of mRNA and protein.
It is important to keep in mind that there are protocols optimized specifically for these different macromolecules, so if a cross-sectional analysis is not the final goal of the experiment, then it would be pertinent to employ those methods instead. Using GTCp to isolate DNA and protein causes them to become less soluble, requiring the reconstitution of DNA in a weak base, such as NaOH, and solubilizing the protein in a buffer with a high concentration of detergent with heating, at the risk of incomplete solubilization. Additionally, GTCp contains guanidinium thiocyanate and acidic phenol, which inactivates enzymes such as proteases, but will slowly degrade protein over time unless frozen. It will be to the discretion of the researcher to decide if the circumvention of these limitations will be worthwhile.
